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SUMMARY

In contrast to the well-understood role of core histones in DNA packaging, the function of the linker histone
(H1) remains enigmatic. Challenging the prevailing view that linker histones are a general feature of hetero-
chromatin, here we show a critical requirement for H1 in Polycomb repressive complex 2 (PRC2) function.
A CRISPR-Cas9 genetic screen using a fluorescent PRC2 reporter identified an essential role for the poorly
characterized gene CRAMP1 in PRC2-mediated repression. CRAMP1 localizes to the promoters of ex-
pressed H1 genes and positively regulates their transcription. CRAMP1 ablation simultaneously depletes
all linker histones, which results in selective decompaction of H3K27me3-marked loci and derepression of
PRC2 target genes without concomitant loss of PRC2 occupancy or enzymatic activity. Strikingly, we find
that linker histones preferentially localize to genomic loci marked by H3K27me3 across diverse cell types
and organisms. Altogether, these data demonstrate a prominent role for linker histones in epigenetic repres-

sion by PRC2.

INTRODUCTION

The histone proteins allow for meters of eukaryotic DNA to be
packaged into a ~10 pm nucleus while ensuring that the DNA
can still be accessed during transcription, replication, and repair.
The indispensable role of the four core histones (H2A, H2B, H3,
and H4) in nucleosomal DNA packaging is well understood, but
defining the function of the linker histone (H1) represents a
long-standing challenge. Unlike the core histones, H1 is dispens-
able for the chromatinization of DNA in vitro: nucleosome arrays
still assemble into a “beads-on-a-string” conformation in the
absence of linker histones.” Instead, as a result of its ability to
bind to the nucleosomal DNA entry/exit site and condense nucle-
osome arrays to form the so-called “30 nm fiber,>*” histone H1
has long been postulated to act as a general component of het-
erochromatin.* However, in vivo depletion of histone H1 in
both unicellular and multicellular organisms results in the dere-
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pression of specific subsets of genes,”® which is difficult to
reconcile with the notion of linker histones acting broadly as het-
erochromatic factors with little specificity in their genomic
distribution.” '8

The existence of multiple H1 subtypes and variants compli-
cates the study of linker histones in vivo. In mice and in humans
there are eleven genes encoding H1 subtypes: seven are so-
matic (H1.1-H1.5, plus H1.0 and H1X), three are testis-specific
(H1t, H1T2, and HILS1), and one is restricted to oocytes
(H100).*'® Among the somatic H1 subtypes, H1.1 through
H1.5 are considered “replication-dependent” as their expres-
sion increases during S-phase, whereas the H1.0 and H1X vari-
ants are termed “replication-independent” as they are ex-
pressed throughout the cell cycle. Individual or pairwise
knockout (KO) of H1 genes (H1.0, H1.2, H1.3, or H1.4) does
not noticeably perturb murine development,”® but examination
of germinal center B cells derived from H1.2/H1.4 double KO
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mice identified multiple defects in chromatin compartmentaliza-
tion and transcriptional repression.?’ Discordant phenotypes
have also been described in triple KO cells lacking histones
H1.2, H1.3, and H1.4, with few transcriptional changes noted
in mouse embryonic stem cells® but derepression of thousands
of genes observed in CD8* T cells.?®?* Overall, mechanistic
progress is hampered by an inability to acutely deplete cells of
all linker histones simultaneously.

Here, we identify CRAMP1 as a critical activator of linker his-
tone gene expression. CRAMP1 knockdown results in simulta-
neous depletion of all H1 subtypes and variants, providing a
unique tool to interrogate the functional role of linker histones
in human cells. We find that linker histones are critically required
for repression by Polycomb repressive complex 2 (PRC2). H1
predominantly localizes to chromatin marked by H3K27me3,
and H1 depletion achieved via CRAMP1 knockdown results in
derepression of PRC2 target genes through chromatin decom-
paction without affecting PRC2 recruitment or enzymatic
activity.

RESULTS

A genome-wide CRISPR-Cas9 genetic screen identifies
an essential role for CRAMP1 and histone H1.4 in PRC2-
mediated silencing
Polycomb-group (PcG) proteins are critical chromatin regulators
that maintain cell fate through the repression of lineage-inappro-
priate genes.”® Biochemical characterization of PcG proteins
in mammals has identified multiple Polycomb repressive
complexes—prominently PRC1 and PRC2—both of which
encompass multiple subcomplexes (Figures S1A and S1B).
PRC1 complexes are thought to exert their function through
monoubiquitylation of histone H2A at Lys119 (H2AK119ub1)%*”
and chromatin compaction,”®?? while PRC2 complexes are
thought to instill repression by trimethylating histone H3 at
Lys27 (H3K27me3).50-%2

We previously exploited transgene reporters across chromatin
environments (TRACE), a high-throughput approach that iden-
tifies phenotypic reporters for epigenetic factors, to generate a
fluorescent reporter cell line responsive to loss of the PRC2 sub-
unit SUZ12.3* Further characterization of this KBM-7 reporter
clone revealed that disruption of any of the three core PRC2 sub-
units, but not components of PRC1 complexes, resulted in re-
porter derepression (Figures 1A, 1B, S1A, and S1C). To identify
additional factors required for PRC2 function, we exploited our
reporter clone to perform a genome-wide CRISPR-Cas9 genetic
screen. We reasoned that mutant cells lacking genes required for
PRC2 function would exhibit derepression of the reporter, gener-
ating GFPP9" cells that could be isolated by fluorescence-acti-
vated cell sorting (FACS) (Figure 1C). The top hits from the screen
were the histone H1 subtype HIST1H1E (encoding histone H1.4),
the PRC2.1 accessory factor MTF2 (also known as Polycomb-
like protein 2 or PCL2), and CRAMP1, a poorly characterized
gene of unknown function (Figure 1C; Table S1). We validated
an essential requirement for these three genes in reporter repres-
sion through individual CRISPR-Cas9-mediated gene disruption
experiments (Figure 1D). By contrast, disruption of the Poly-
comb-like proteins PHF1 and PHF19 did not result in GFP dere-
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pression (Figures S1B and S1D), suggesting that the reporter line
responds specifically to loss of PRC2.1 complexes harboring
MTF2. Moreover, the functional association between CRAMP1,
linker histones, and PRC2 subunits is supported by their co-
essential relationships across hundreds of human cell lines pro-
filed by the Dependency Map (DepMap) project® (Figure 1E).

CRAMP1 binds transcriptionally active histone genes
Subcellular fractionation experiments indicated that CRAMP1 is
a nuclear protein that can localize to chromatin (Figure 2A), and
so we performed cleavage under targets and release under
nuclease (CUT&RUN) analysis in K562 cells to assess its
genome-wide occupancy. Strikingly, we found that the majority
of CRAMP1 peaks (68%) were located at the promoters of his-
tone genes (Figures 2B, 2C, and S2A; Table S2). Supporting
the specificity of the commercial antibody against CRAMP1,
exogenous CRAMP1 expressed with a V5 epitope tag displayed
a near-identical distribution (Figures 2B and 2C). CRAMP1
bound the promoters of both replication-dependent and replica-
tion-independent histone genes encompassing all five families
(H1, H2A, H2B, H3, and H4; n = 56 out of 90) (Figures 2C, S2B,
and S2C). Notably, histone genes that were not bound by
CRAMP1 were not expressed (Figures 2C-2E and S2D); thus,
CRAMP1 occupancy is almost entirely restricted to transcrip-
tionally active histone genes.

CRAMP1 is required for full expression of linker

histone genes

The specificity of CRAMP1 for expressed histone genes sug-
gested that CRAMP1 might be required for histone gene expres-
sion, and so we performed RNA sequencing (RNA-seq) in
K562 cells following short hairpin RNA (shRNA)-mediated deple-
tion of CRAMP1 (Figure S2E). Despite the localization of
CRAMP1 to all five families of histone genes, only linker histone
expression was affected by CRAMP1 loss: each of the five H1
genes expressed in K562 cells (H1.2, H1.3, H1.4, H1.5, and
H1X) were downregulated ~2-fold (Figures 3A, 3B, and S2F).
We were readily able to confirm the requirement for CRAMP1
for histone H1 expression by both immunoblot (Figure 3C) and
quantitative reverse transcription PCR (RT-gPCR) (Figure 3D)
following CRISPR-Cas9-mediated gene disruption of CRAMP1
(Figure S2G). Thus, although CRAMP1 binds to the promoters
of genes encoding both core histones and linker histones, we
conclude that this previously uncharacterized protein is required
to drive the full expression of H1 genes.

Exogenous expression of linker histones relieves the
requirement for CRAMP1

As histone H1.4 also emerged from our genetic screen
(Figure 1C), a functional role for CRAMP1 in facilitating H1
expression was intriguing. Supporting the notion that the
requirement for CRAMP1 could be explained by its role in driving
linker histone expression, we found that repression of our fluo-
rescent PRC2 reporter in CRAMP1 KO cells could not only be
restored upon exogenous expression of CRAMP1, but also
partially by exogenous expression of histone H1.4 (Figures 3E,
S2H, and S2I). This effect was not restricted to H1.4, however,
as all the linker histone subtypes and variants that we examined
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Figure 1. A genome-wide CRISPR-Cas9 genetic screen identifies an essential requirement for CRAMP1 and histone H1.4 in PRC2-mediated

reporter repression

(A) Schematic representation of GFP reporter repression by the PRC2 complex.

(B) The GFP reporter is derepressed upon CRISPR-Cas9-mediated gene disruption of any of the three core PRC2 subunits, as assayed by flow cytometry.
(C) A genome-wide CRISPR-Cas9 screen to identify factors required for PRC2 function. Following Cas9 expression in KBM-7 cells harboring the PRC2-sensitive
GFP reporter, genome-wide mutagenesis was carried out with the Sabatini/Lander single guide RNA (sgRNA) library,*® and GFP* cells isolated through two
sequential rounds of FACS. “Significance” on the y axis represents the negative log of the “pos|score” metric reported by Model-based Analysis of Genome-wide
CRISPR-Cas9 Knockout (MAGeCK).*”

(D) Validation of the screen hits through individual CRISPR-Cas9-mediated gene disruption of CRAMP1, H1.4, and MTF2. GFP reporter derepression was
measured by flow cytometry.

(E) The functional requirement for CRAMP1 and linker histones in PRC2 function is conserved across hundreds of human cell lines. Analysis of the top 10 CRAMP1
co-dependencies in DepMap revealed three linker histones (green) and all core members of the PRC2 complex (blue). Correlation values represent Pearson

correlation as reported by DepMap.
See also Figure S1 and Table S1.

were able to restore reporter repression, albeit to varying extents
(Figure S2H). We also interrogated four endogenous target
genes, where we found that exogenous expression of H1.4
counteracted the derepression resulting from CRAMP1 deple-
tion (Figures S2J and S2K). Therefore, the essential requirement
for CRAMP1 in PRC2-mediated reporter repression can be ex-
plained by its role as an activator of linker histone expression.

CRAMP1 is a member of the histone gene regulatory
machinery

Next we considered the mechanism through which CRAMP1
might regulate the expression of linker histone genes. Three
key regulators of histone gene expression have been identified:
nuclear protein, ataxia-telangiectasia locus (NPAT), GON-4-like
protein (GON4L), also known as YARP, and FLICE-associated

huge protein (FLASH).®®*° FLASH is required for the generation
of mature histone mMRNAs following the 3’ end cleavage of his-
tone pre-mRNAs.”" The role of GON4L remains poorly under-
stood, though studies in mice and Drosophila have suggested
it acts as a transcriptional repressor.*>*®* Both FLASH and
GONA4L utilize Swi3, Ada2, N-CoR, and TFIIIB (SANT) domains
to bind the C terminus of NPAT, which is considered the key tran-
scriptional activator of histone gene expression.*®***> To
assess whether CRAMP1 might act in concert with these known
regulators, we sought to identify CRAMP1 binding partners.
Immunoprecipitation of V5-tagged CRAMP1 from nuclear ly-
sates followed by mass spectrometry identified GON4L as a
candidate interactor at high confidence (Figure 3F; Table S3).
Furthermore, large-scale interactomics*® has identified both
GON4L and NPAT as CRAMP1 binding partners, and we were
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(A) Subcellular fractionation of K562 cells assessed by immunoblot. HP1a, GAPDH, and a-tubulin were used to validate the fractionation.

(B-E) CRAMP1 localizes to the promoters of transcriptionally active histone genes. (B) CUT&RUN analysis of V5-tagged CRAMP1 in K562 cells identified 230
high-confidence peaks, the majority of which were located within the HIST1 and HIST2 histone gene clusters. (C) CRAMP1 occupies the promoters of expressed
histone genes from all five families. The heatmaps represent occupancy of either endogenous CRAMP1 (dark green, left) or V5-CRAMP1 (light green, right) across
all histone gene as measured by CUT&RUN. Genes are grouped by histone family and ordered by CRAMP1 signal intensity. Gene expression, as measured by
RNA-seq, is displayed as a heatmap in red. (D) Histone genes bound by CRAMP1 (green) are more highly expressed than those not bound (gray). (“**p < 0.0001;

two-tailed Mann-Whitney test). Example histone genes are shown in (E).
See also Figure S2 and Table S2.

able to confirm these interactions by immunoprecipitation fol-
lowed by immunoblot (Figure 3G). Thus, these data suggest
that CRAMP1 physically associates with known regulators of
histone gene expression.

The only annotated feature of CRAMP1 is an N-terminal SANT
domain. Structural bioinformatic analysis suggests an ordered
domain (“Domll”’) immediately downstream of the SANT domain,
as well as a ubiquitin-like (UBL) domain bifurcated by a
214-amino acid disordered region (Figure 3H). To assess which
of these domains are essential for CRAMP1 function, we per-
formed genetic complementation experiments to test the ability
of CRAMP1 deletion mutants to restore repression of our fluores-
cent PRC2 reporter clone following CRAMP1 KO. While exoge-
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nous expression of full-length CRAMP1 resulted in re-repression
of the GFP reporter, deletion of any of the three structured do-
mains abolished CRAMP1 activity (Figures 3H, 3l, and S3A).
Furthermore, by CUT&RUN, we found that each deletion mutant
severely abrogated occupancy at histone gene promoters, sug-
gesting that all three domains contribute to CRAMP1 localization
(Figures S3B and S3C).

As both GON4L and FLASH bind the C terminus of NPAT
through their SANT domains,*” we wondered whether the SANT
domain of CRAMP1 might act in a similar manner. Indeed,
AlphaFold 3¢ proposes that the CRAMP1 SANT domain engages
the C-terminal a helix of NPAT in an analogous manner to that of
GONA4L and FLASH (Figures 3J and S3D). In support of this model,
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Figure 3. CRAMP1 regulates the expression of linker histone genes

(A-D) Loss of CRAMP1 reduces linker histone expression. (A) Histone gene expression upon CRAMP1 knockdown as measured by RNA-seq. Only expressed
histone genes are shown (**p < 0.01; Wilcoxon signed rank test against 0). (B) Downregulation of all expressed linker histones upon CRAMP1 depletion. Plots
show mean + SD of three technical replicates (*p < 0.05, *“p < 0.01, **p < 0.001 versus shControl, unpaired one-sample t test with Holm-Sidak correction for
multiple comparisons). (C) CRAMP1 KO clones express reduced levels of linker histone proteins (top) but not core histone proteins (bottom), as measured by
immunoblot. (D) Reduced levels of linker histone transcripts in CRAMP1 KO cells as measured by RT-gPCR. Plots show mean + SD of three technical replicates
(**p < 0.001, **p < 0.0001 versus wild-type [WT], one-way ANOVA with Dunnett’s test for multiple comparisons).

(E) Exogenous expression of histone H1.4 is sufficient to restore GFP reporter repression in the absence of CRAMP1. The indicated cDNAs were introduced into
the CRAMP1 KO KBM-7 reporter clone by lentiviral transduction, and GFP fluorescence was assessed by flow cytometry.

(F and G) CRAMP1 interacts with known regulators of histone gene expression. (F) Immunoprecipitation of V5-CRAMP1 followed by mass spectrometry identified
GONA4L as a CRAMP1 binding partner; V5-CRAMP1 immunoprecipitation followed by immunoblot validated GON4L and NPAT as CRAMP1 interactors (G).
(Hand ) The ordered domains of CRAMP1 are all required for its function. (H) Domain architecture of CRAMP1. (I) Genetic complementation of CRAMP1 KO cells.
The indicated CRAMP1 mutants were introduced into CRAMP1 KO KBM-7 reporter clone by lentiviral transduction, and GFP fluorescence was assessed by flow
cytometry.

(J and K) The SANT domain of CRAMP1 mediates the interaction with NPAT. (J) AlphaFold 3 structural model proposing that the SANT domain of CRAMP1
engages the C terminus of NPAT. (K) Validation of the model through mutation of putative interface residues. The indicated CRAMP1 mutants were intro-
duced into CRAMP1 KO KBM-7 reporter clone by lentiviral transduction, and GFP fluorescence was assessed by flow cytometry. See also Figures S3E and S3F.
See also Figures S2 and S3 and Table S83.

mutation of residues lying on the putative CRAMP1-NPAT inter-
face rendered CRAMP1 unable to rescue reporter repression in
CRAMP1 KO cells (Figures 3K, S3E, and S3F). In addition,
AlphaFold 3 also proposes with high confidence an interaction be-
tween the UBL domain of CRAMP1 and the paired amphipathic
helix (PAH) domains of GONAL (Figure S3G). Thus, we conclude
that CRAMP1 is a hitherto unrecognized component of the histone
gene regulation machinery.

Linker histones localize to genomic sites marked by
H3K27me3

The results from our unbiased genetic screen, together with the
requirement for CRAMP1 to drive linker histone expression, sug-

gested a critical role for histone H1 in PRC2-mediated repression.
To further examine the relationship between linker histones and
PRC2, we sought to define the genomic distribution of H1 sub-
types expressed in K562 cells (Figure S2F). Previous chromatin
immunoprecipitation sequencing (ChlP-seq) studies have sug-
gested that linker histones assume a broad genomic distribution
and exhibit little specificity for particular chromatin environ-
ments® 2449 (Figure S4A). By contrast, using cleavage under
targets and tagmentation (CUT&Tag),”® a technique that does
not compromise the integrity of linker DNA, we observed a distinct
pattern of H1 occupancy that was consistent among all four H1
subtypes (Figure 4A). Although it has been previously suggested
that H1 subtypes display some differences in their genomic
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Figure 4. Linker histones localize to genomic regions marked by H3K27me3

(A) Linker histone occupancy as measured by CUT&Tag in K562 cells. The genomic distribution of linker histones is consistent across endogenous (top) and
FLAG-tagged (bottom) histone subtypes and closely mirrors that of the H3K27me3 modification. See also Figure S4F.

(B-F) Linker histones colocalize with H3K27me3. (B) Heatmap depicting the enrichment of endogenous H1 (top) and FLAG-H1 (bottom) CUT&Tag signal across
histone modification peaks profiled by the ENCODE project. Enrichment over control values represents H1 CUT&Tag signal over immunoglobulin G (IgG), where
values >1 (red) indicate enrichment and values <1 (blue) indicate depletion. (C) Tornado plots showing that linker histones localize to the overwhelming majority of
H3K27me3-marked loci. Average signal intensity across all H3K27me3 peaks is depicted in (D); H1 KO cell lines are shown as negative controls. (E) Tornado plots
showing that H3K27me3 decorates the overwhelming majority of H1 peaks. Average signal intensity across all H1 peaks is depicted in (F), and H1 KO cell lines are

shown as negative controls.
See also Figures S4 and S5 and Tables S2, S4, S5, and S7.

localization,”*'%*1%2 we found that the four replication-depen-

dent H1 subtypes in K562 cells exhibited near-identical localiza-
tion (Figure S4B). This could not be explained by cross-reactivity
of the H1 antibodies, as we confirmed antibody specificity using
H1 KO clones (Figures 4A, 4C-4F, and S4C). In addition, we
observed highly concordant results upon exogenous expression
of H1 constructs harboring a FLAG epitope tag (Figures 4A, 4C-
4F, S4B, and S4D-S4F).

To establish the chromatin features associated with H1 occu-
pancy, we quantified the degree of overlap between H1 and a
panel of histone modifications previously profiled in K562 cells
through the ENCODE project.>® Strikingly, this analysis revealed
a positive correlation between histone H1 occupancy and a sin-
gle histone modification, H3K27me3 (Figure 4B). H3K27me3-
marked genomic loci were occupied by all H1 subtypes
(Figures 4C-4F and S4G). We observed concordant localization
between linker histones and H3K27me3 across multiple human
cell types (Figures S5A-S5C; Tables S4, S5, and S6). Moreover,
histone H1 overlaps with H3K27me3 domains in primary murine
CD8* T cells®* as measured by CUT&Tag (Figure S5D), as does
the H1 variant HIS-24 in Caenorhabditis elegans L3 larvae as
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measured by ChlP-seq (Figures S5E-S5G; Table S7). We also
profiled histone H1.4 occupancy in CRAMP1 KO cells, which re-
vealed global depletion from all H3K27me3-marked genomic
loci (Figures S5H-S5J).

Although linker histones have classically been considered a
general feature of heterochromatin,’® we observed little overlap
between H1 subtypes and H3K9me3 (Figures 4B and 5A-5D), a
histone modification classically associated with constitutive
heterochromatin. This could not be explained by an inability
of the Tn5 transposase to access genomic loci marked by
H3K9me3, as, in agreement with ChIP-seq data,®® H3K9me3
profiled by CUT&Tag was enriched at Kriippel-associated box
(KRAB) zinc-finger clusters, long interspersed nuclear
element-1 (LINE-1) repeats, and endogenous reterovirus
(ERV) elements (Figure 5E). We also tested the requirement
for linker histones in H3K9me3-dependent silencing using a
dual-color functional reporter assay (Figure 5F), wherein we
found that linker histone insufficiency resulting from CRAMP1
depletion did not affect the H3K9me3-dependent silencing of
a LINE-1 reporter by the Human Silencing Hub (HUSH) com-
plex®* (Figure 5G). Altogether, these data suggest that linker
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Figure 5. Linker histones are not enriched at regions marked by H3K9me3

(A-D) Lack of linker histone enrichment at H3K9me3-marked genomic regions. (A) Tornado plots depicting linker histone CUT&Tag signal across H3K9me3 peaks
from the ENCODE project; average signal intensity is shown in (B). (C) Heatmap depicting the lack of correlation between linker histone occupancy and H3K9me3.
Cells are annotated with pairwise Spearman correlation coefficients. An example locus is shown in (D).

(E) CUT&Tag faithfully profiles H3K9me3. Example loci comparing CUT&Tag versus H3K9me3 ChiP-seq data (ENCODE) are shown.

(F and G) Linker histone insufficiency does not impair H3K9me3-dependent LINE-1 silencing by the HUSH complex. (F) Schematic representation of the dual-
color reporter cell line designed to monitor both H3K9me3-dependent repression by the HUSH complex and linker histone-mediated PRC2-reporter repression.
(G) HUSH-mediated LINE-1 silencing is unaffected upon CRAMP1 depletion. The indicated CRISPR sgRNAs were expressed in the dual-color reporter cell line,

and GFP and iRFP fluorescence assayed by flow cytometry.
See also Figure S5 and Table S2.

histones are not a general feature of heterochromatin but
instead are predominantly associated with chromatin marked
by H3K27me3.

Linker histones are essential for transcriptional
repression by PRC2

Given the enrichment of linker histones at genomic loci marked
by H3K27me3, we hypothesized that H1 insufficiency would
resultin the derepression of PRC2 target genes. Global depletion
of linker histones is hindered by the existence of multiple H1 sub-
types and variants but can be readily achieved upon CRAMP1
ablation. RNA-seq analysis in K562 cells revealed that depletion
of either CRAMP1 or the PRC2 subunit SUZ12 (Figures 6A, 6B,
and S2E) resulted in the upregulation of >1,000 genes
(Figure 6C; Table S8), a substantial proportion of which were
shared: 58% of the genes upregulated upon CRAMP1 depletion
were also derepressed upon SUZ12 depletion (Figures 6D and
6E). Moreover, the genes upregulated upon depletion of either
CRAMP1 or SUZ12 were significantly enriched for H3K27me3
(Figures 6F and 6G) and were functionally enriched for develop-
mental processes (Figure 6H). Similar results were obtained us-

ing CRISPR-Cas9-mediated gene disruption in KBM-7 cells,
where 59% of the genes upregulated in CRAMP1 KO cells
were also derepressed in SUZ12 KO cells (Figures S6A-S6E;
Table S9). We conclude that the CRAMP1-mediated expression
of linker histones is particularly important for PRC2-mediated
repression.

Linker histones are required for chromatin compaction
at PRC2 target sites

To explore the mechanistic requirement for histone H1 in PRC2-
mediated repression, we sought to examine the molecular de-
fects at PRC2 target genes upon ablation of CRAMP1. PRC2
recruitment to target sites did not seem to be affected by
decreased levels of histone H1, as SUZ12 occupancy remained
unchanged (Figures 6l, 6K, S6F-S6H, and S6L). Moreover, in
contrast to cells depleted of SUZ12, shRNA-mediated depletion
of CRAMP1 did not result in a reduction of H3K27me3 levels
(Figures 6J, 6K, and S61-S6L). Thus, a ~50% reduction in overall
histone H1 levels following CRAMP1 loss (Figures 3B and S2E) is
sufficient to derepress PRC2 target genes without concomitant
loss of SUZ12 occupancy or PRC2 enzymatic activity.
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Figure 6. Loss of linker histones upon CRAMP1 ablation results in derepression of PRC2 target genes

(A) Schematic representation of the RNA-seq experiment. K562 cells were transduced in triplicate with a non-targeting shRNA (shControl) or shRNAs targeting
CRAMP1 or SUZ12, followed by total RNA-seq.

(B) Efficient shRNA-mediated depletion of CRAMP1 and SUZ12 as assessed by immunoblot.

(C-E) Depletion of either CRAMP1 or SUZ12 results in concordant transcriptional derepression. (C) RNA-seq analysis of K562 cells depleted of CRAMP1 or
SUZ12. Colored dots represent significantly dysregulated genes (DESeq2: p < 0.05, fold change > 1.5 or < 0.67). The overlap between the significantly upre-
gulated genes is depicted as a Venn diagram in (D), with the relationship between the magnitude of upregulation displayed in (E).

(F and G) Genes concordantly upregulated upon loss of CRAMP1 or SUZ12 are marked by H3K27me3. The number of histone modification peaks was
enumerated across genes (+5 kb) significantly upregulated with both shCRAMP1 and shSUZ12 (n = 636) versus all other genes (n = 34,823) (F), and violin plots
represent the distribution of H3K27me3 versus H3K9me3 ChlIP-seq signal across the indicated gene groups (G). (“***p < 0.0001; unpaired t test).

(H) Genes upregulated upon depletion of both CRAMP1 and SUZ12 are functionally enriched for developmental processes, as assessed by Gene Ontology (GO)
term analysis. Gene ratio represents the number of genes within the query term as a proportion of the total number of genes.

(I-K) PRC2 occupancy and enzymatic activity remain unaffected upon CRAMP1 depletion. CUT&RUN analysis for SUZ12 (l) and H3K27me3 (J) reveals a

decrease in signal intensity upon knockdown of SUZ12 but not CRAMP1. An example locus is shown in (K).

See also Figure S6 and Tables S2, S8, and S9.

As linker histones condense nucleosome arrays in vitro,>> we
wondered whether a failure of chromatin compaction at PRC2
target sites underlies the transcriptional derepression observed
following CRAMP1 loss. Therefore, we employed assay for
transposase-accessible chromatin using sequencing (ATAC-
seq)®® to assess changes in chromatin accessibility in cells
depleted of either CRAMP1 or SUZ12 (Figure S7A). This analysis
revealed a concordant increase in accessibility upon either
CRAMP1 or SUZ12 knockdown across thousands of genomic
loci (Figures 7A-7C and S7B-S7H; Table S10). Strikingly,
increased accessibility was most prominent at genomic regions
marked by H3K27me3 (Figures 7D and 7E). Thus, a reduction in
linker histone expression following CRAMP1 depletion results in
chromatin decompaction across PRC2 target sites.
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DISCUSSION

By characterizing CRAMP1 as an essential regulator of linker his-
tone gene expression, we have uncovered CRAMP1 ablation as
a genetic strategy through which to interrogate the function of
linker histones. Simultaneous depletion of all linker histones re-
sults in derepression of PRC2 target genes without affecting
SUZ12 localization or H3K27me3 levels. Thus, our data suggest
that linker histones play a more prominent role in repression at
Polycomb target sites than at other repressed genomic regions.

While histone H1 appears to compact nucleosome arrays into
the 30 nm fiber indiscriminately in vitro,>* we found that H1 sub-
types are not uniformly localized throughout the genome but
rather closely mimic the distribution of H3K27me3. Profiling the
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Figure 7. Loss of linker histones following CRAMP1 ablation increases the accessibility of genomic loci marked by H3K27me3

(A-C) Depletion of CRAMP1 or SUZ12 results in concordant decompaction of genomic loci. (A) K562 cells depleted of CRAMP1 or SUZ12 by shRNA-mediated
knockdown were analyzed by ATAC-seq. Colored dots represent sites exhibiting a significant change in accessibility (p < 0.05, fold change > 2 or < 0.5). The
overlap between the loci exhibiting significantly increased accessibility is depicted as a Venn diagram in (B). The relationship between the extent of decompaction
in each case is displayed as a tornado plot in (C), with the average signal intensity shown on the right.

(D and E) Genomic loci exhibiting increased accessibility upon loss of CRAMP1 or SUZ12 are enriched for H3K27me3. (D) Quantification of ATAC-seq signal
across histone modification peaks. Increased accessibility is observed across loci marked by H3K27me3. Plots show median + SD of two technical replicates.

The HOXD cluster is shown as an example in (E).
See also Figure S7 and Table S10.

genome-wide occupancy of histone H1 subtypes and variants
poses a unique challenge owing to the need to preserve the
integrity of the linker DNA where H1 is bound. However, although
CUT&Tag may be particularly well-suited to profiling linker his-
tone localization because it does not require linker DNA fragmen-
tation, we found that the C. elegans histone H1 variant HIS-24
was distributed analogously when profiled by ChlP-seq. The
localization of linker histones at H3K27me3 sites is concordant
with the specific derepression of Polycomb target genes
observed upon H1 KO in mice”’** and upon CRAMP1 depletion
in human cells (Figures 6 and S6). It will be interesting to deter-
mine whether linker histones are similarly required for the func-
tion of PRC2 subcomplexes beyond PRC2.1 harboring MTF2;
furthermore, recent studies propose a functional link between
histone H1 and H2A ubiquitination,*®*" suggesting that linker
histones may also be required for PRC1-mediated repression.
Intriguingly, CRAMP1 mutant flies also exhibit Polycomb pheno-
types,® suggesting that the requirement for linker histones for
Polycomb repression is evolutionarily conserved.

Establishing how H1 localizes to PRC2 target sites will be a pri-
ority for future investigation. Given that SUZ12 remains bound to
its genomic target sites upon CRAMP1 depletion, one possibility

is that PRC2 (or H3K27me3) recruits linker histones to its target
sites. Alternatively, other factors could be responsible for H1
deposition. Multiple chaperones are known to regulate the
genomic distribution of core histones,® and thus a hitherto un-
identified H1-specific chaperone could specify the localization
of linker histones.

Although linker histones stimulate the methyltransferase activ-
ity of PRC2 in vitro®**°%%¢" and double and triple H1 KO cells
display reduced levels of H3K27me3,'%?"**° our data do not
support H3K27me3 deposition as the primary mechanism
through which linker histones contribute to PRC2-mediated
repression: depletion of linker histones following CRAMP1 abla-
tion prevents PRC2-mediated repression without affecting
H3K27me3 levels. One possible explanation for this discrepancy
is that we have measured the short-term effects of linker histone
insufficiency rather than the long-term consequences resulting
from the KO of multiple H1 subtypes.

Further work will be required to establish the molecular mech-
anism through which CRAMP1 activates histone gene expres-
sion. CRAMP1 does not possess an annotated DNA-binding
domain, suggesting that its localization to histone gene pro-
moters is likely achieved through its interacting partners. Indeed,
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we identify an interaction between CRAMP1 and two known reg-
ulators of histone expression, NPAT and GON4L, suggesting
that these three proteins may act in concert to drive linker histone
expression. A goal for future work will be to define the mecha-
nistic basis for these effects. By contrast, we did not observe
an interaction between CRAMP1 and FLASH, a protein that reg-
ulates 3’ end processing of histone transcripts. Given that we
also did not observe 3’ end processing defects by RNA-seq,
we speculate that CRAMP1 acts together with NPAT and
GONA4L to promote transcription of linker histone genes. Intrigu-
ingly, although CRAMP1 localizes to the promoters of all five
families of histone genes, its loss selectively impairs the expres-
sion of linker histones. This finding mirrors observations in
Drosophila, where the orthologous protein CRAMPED specif-
ically regulates histone H1 expression.®” Future studies will
need to determine how this specificity is achieved. Perhaps
CRAMP1 cooperates with other factors that are exclusively
localized to linker histone genes, or potentially, it could act simi-
larly at core histone genes but in a manner redundant with other
histone gene regulators.

Despite the high degree of sequence similarity between the
eleven H1 subtypes and variants encoded in the human
genome,” an intriguing question concerns whether they have
the capacity to play specific functional roles. Our data provide
evidence both for and against this idea. On the one hand, simply
the overall abundance of linker histones may be the limiting fac-
tor for PRC2-mediated repression. Lentiviral delivery of H1X,
which displays the lowest degree of sequence similarity to other
linker histones,* afforded by far the highest levels of expression
among all the linker histones tested in our reporter re-repression
assay (Figures 3E, S2H, and S2I) and was the only one to fully
restore GFP silencing (Figure S2H). However, abundance alone
cannot explain all the variation in H1 activity that we observed:
histone H1.4 and H1.5, for example, exhibit 86% sequence iden-
tity, and yet, despite only modest overexpression, histone H1.4
outperformed histone H1.5 in this assay (Figures S2H and S2I).
Thus, histone H1.4 may be the optimal H1 subtype for PRC2
repression in K562 cells. Intriguingly, mutations in both linker his-
tones and EZH2, the catalytic subunit of PRC2, are commonly
found in germinal center B cell lymphomas,?'-®® with H1.4 being
the most frequently mutated H1 subtype.?’ Thus, delineating
the molecular mechanisms underpinning the requirement for
linker histones in PRC2 function may highlight new therapeutic
avenues.

Limitations of the study
Although our genetic screening strategy identified a requirement
for the hitherto uncharacterized protein CRAMP1 in PRC2-medi-
ated repression, it may have failed to identify additional relevant
genes. Our genome-wide CRISPR screen failed to reach satura-
tion, as the core PRC2 subunits—whose ablation did result in
GFP reporter derepression in individual CRISPR-mediated
gene disruption experiments—did not emerge as significant
hits. Thus, further work will be required to delineate the full spec-
trum of genes required for Polycomb repression.

Here we characterize CRAMP1 ablation as an effective strat-
egy to achieve simultaneous depletion of all linker histone sub-
types. However, although this approach appears to yield uniform
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effects across all linker histone genes, the magnitude of this ef-
fect is only partial: total linker abundance falls ~2-fold. We
demonstrate that this reduction is sufficient to impair PRC2-
mediated repression, but more substantial depletion may be
required to reveal all the critical functions of linker histones.
Furthermore, for most subtypes we were only able to modestly
increase linker histone supply through lentiviral transduction,
and it was not possible for us to precisely match the expression
levels of endogenous and exogenous epitope-tagged H1
proteins.

A potential limitation for genome-wide occupancy profiling
using the CUT&Tag methodology is that signal will be restricted
to genomic regions accessible to the Tn5 transposase. Howev-
er, the anti-correlation that we observe between linker histones
and H3K9me3 cannot be explained by an inability of the Tn5
transposase to access constitutive heterochromatin, as
profiing of the H3K9me3 modification itself by CUT&Tag
yielded a similar distribution to that defined by a conventional
ChiIP-seq approach. Indeed, we consider that CUT&Tag is
likely to be the optimal technique to profile H1 occupancy,
as, in contrast to methods involving sonication or micrococcal
nuclease digestion, CUT&Tag does not disrupt the integrity of
the linker DNA.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit a-CRAMP1 (used for immunoblot) Atlas Antibodies Cat#HPA041752; RRID:AB_10796459

rabbit a-CRAMP1(used for IP and CUT&RUN)
mouse a-a-Tubulin

rabbit a-GAPDH

rabbit a-HP1a

rabbit a-H1.0

rabbit a-H1.1

rabbit a-H1.2

rabbit a-H1.3

rabbit a-H1.4

rabbit a-H1.5

rabbit a-H1X

mouse a-f-actin

rabbit a-H2A

mouse a-H2B

rabbit a-H3

mouse a-H4

rabbit a-SUZ12

mouse a-FLAG

rabbit a-H3K27me3 (used for immunoblot)

rabbit a-H3K27me3 (used for CUT&RUN
and CUT&Tag)

mouse a-V5

rabbit a-IgG

rabbit a-H3K9me3

a-HIS-24 (raised against amino acids 37-113)

rabbit a-NPAT

rabbit a-GON4L

Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L)
Peroxidase AffiniPure Mouse Anti-Rabbit IgG (H+L)

Fortis Life Sciences

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Proteintech

Abcam

Proteintech

BioRad

Cell Signaling Technologies
Abcam

Fortis Life Sciences

Merck

Active Motif

Abcam

Cell Signaling Technologies
Abcam

Proteintech

Merck

Merck Millipore

Epicypher

Abcam
EpiCypher
Abcam

This manuscript (Produced by
Strategic Diagnostics
International)

Fortis Life Sciences

Atlas Antibodies

Jackson ImmunoResearch
Jackson ImmunoResearch

Cat#A304-094A; RRID:AB_2621343
Cat#3873; RRID:AB_1904178
Cat#2118; RRID:AB_561053
Cat#2616; RRID:AB_2070987
Cat#17510-1-AP; RRID:AB_10695628
Cat#ab254394; RRID:AB_3677544
Cat#19649-1-AP; RRID:AB_10694432
Cat#VPA00783; RRID:AB_3677545
Cat#41328; RRID:AB_2799199
Cat#ab18208; RRID:AB_470263
Cat#A304-604A; RRID:AB_2620799
Cat#A2228; RRID:AB_476697
Cat#39235; RRID:AB_2687477
Cat#52484; RRID:AB_1139809
Cat#4499; RRID:AB_10544537
Cat#ab17036; RRID:AB_1209245
Cat#20366-1-AP; RRID:AB_10694152
Cat#F1804; RRID:AB_262044
Cat#07-449; RRID:AB_310624
Cat#13-0055; RRID:AB_3665059

Cat#ab27671, RRID:AB_471093
Cat#13-0042; RRID:AB_2923178
Cat#ab8898; RRID:AB_306848
N/A

Cat#A302-772A; RRID:AB_10630262
Cat# HPA057305; RRID:AB_2683408
Cat#711-035-152; RRID:AB_10015282
Cat#715-035-150; RRID:AB_2340770

Bacterial and virus strains

NEB 5-alpha Competent E. coli New England Biolabs Cat#C2987
Chemicals, peptides, and recombinant proteins

PolyJet in vitro DNA transfection reagent SignaGen Laboratories Cat#SL100688
Hygromycin B Thermo Fisher Scientific Cat#10687010
Blasticidin S HCI Stratech Cat#B4879
Puromycin Dihydrochloride Thermo Fisher Scientific Cat#A1113803
T4 Polynucleotide Kinase New England Biolabs Cat#M0201L
T4 DNA Ligase New England Biolabs Cat#M0202L
DNase | Qiagen Cat#79256
Pierce Protein A Magnetic Beads Thermo Fisher Scientific Cat#88846
Pierce Protein G Magnetic Beads Thermo Fisher Scientific Cat#88848
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat#E2621
LunaScript RT SuperMix New England Biolabs Cat#M3010
Luna Universal gPCR Master Mix New England Biolabs Cat#M3003
RNeasy Mini kit Qiagen Cat#74106
CUTANA ChIC/CUT&RUN kit EpiCypher Cat#14-1048
CUTANA CUT&Tag kit EpiCypher Cat#14-1102
NEBNext Ultra Il DNA Library Prep Kit for lllumina New England Biolabs Cat#E7645
NEBNext rRNA Depletion Kit v2 New England Biolabs Cat#E7405
NEBNext Ultra Il Directional RNA Library New England Biolabs Cat#E7760

Prep Kit for lllumina

Deposited data

H3K27me3 ChlIP-seq in K562 cells ENCODE ENCFF915XIL

H3K4me1 ChlIP-seq in K562 cells ENCODE ENCFF839DZzV

H3K4me2 ChlP-seq in K562 cells ENCODE ENCFF446FUS

H3K4me3 ChiIP-seq in K562 cells ENCODE ENCFF633WWH

H3K9ac ChlIP-seq in K562 cells ENCODE ENCFF149MXA

H3K9me3 ChIP-seq in K562 cells ENCODE ENCFF559DHZ, ENCFF744MLH,
ENCFF928ZQM

H3K27ac ChlIP-seq in K562 cells ENCODE ENCFF232RQF

H3K27me3 ChlIP-seq in K562 cells ENCODE ENCFF915XIL, ENCFF330YFF

H3K36me3 ChiIP-seq in K562 cells ENCODE ENCFF925FDY

H3K79me2 ChlP-seq in K562 cells ENCODE ENCFF711PLM

Input ChIP-seq in K562 cells (for H3K27me3 dataset) ENCODE ENCFF355SGP

Input ChIP-seq in K562 cells (for all other datasets) ENCODE ENCFF893MMO

H3K4me1 ChlIP-seq in HCT116 cells ENCODE ENCFF485QHQ

H3K4me2 ChlIP-seq in HCT116 cells ENCODE ENCFF205HPZ

H3K4me3 ChlP-seq in HCT116 cells ENCODE ENCFF178EXO

H3K9ac ChlIP-seq in HCT116 cells ENCODE ENCFF676ASZ

H3K9me3 ChIP-seq in HCT116 cells ENCODE ENCFF568HSD

H3K27ac ChIP-seq in HCT116 cells ENCODE ENCFF087TXL

H3K27me3 ChlIP-seq in HCT116 cells ENCODE ENCFF271HVJ

H3K36me3 ChIP-seq in HCT116 cells ENCODE ENCFF4120NB

H3K79me2 ChlIP-seq in HCT116 cells ENCODE ENCFF949CYK

H4K20me1 ChlIP-seq in HCT116 cells ENCODE ENCFF085FNO

Input ChlP-seq in HCT116 cells ENCODE ENCFF3730ZW

H3K4me3 peaks in RPE-1 cells Kang et al.®* GSM4194686

H3K9me3 peaks in RPE-1 cells ChIP Atlas DRX002909

H3K27ac peaks in RPE-1 cells Kang et al.** GSM4194692

H3K4me3 peaks in Jurkat cells ENCODE ENCFF305J0T

H3K9me3 peaks in Jurkat cells Madrazo et al.®® GSE162605

H3K27ac peaks in Jurkat cells Grossman et al.®® GSE115438

H1 CUT&Tag in murine CD8" T cells Willcockson et al.?* GSE153543

H3K27me3 CUT&Tag in murine CD8* T cells Willcockson et al.?* GSE153543

H3K27me3 ChIP-seq in C. elegans L3 larvae Janes et al.®” GSM3141784, GSM3141785

H3K4me3 ChIP-seq in C. elegans L3 larvae Janes et al.” GSM3141748

H3K36me3 ChlP-seq in C. elegans L3 larvae Janes et al.®’ GSM3141772

Input ChIP-seq in C. elegans L3 larvae McMurchy et al.®® GSM2333112, GSM2333111
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REAGENT or RESOURCE SOURCE IDENTIFIER
H1 ChiIP-seq in L3 in C. elegans L3 larvae This manuscript GSE276858
H1.4 ChIP-seq in murine ESCs Liu et al.*® GSM5770168
H1.0 ChIP-seq in murine cardiac fibroblasts Hu et al.”® GSE215266
H1.2 and H1.5 ChlIP-seq in human HL-60/S4 cells Teif et al.'” GSE136264
CRAMP1 CUT&RUN in K562 cells This manuscript GSE276852
CUT&Tag in K562, HCT116, RPE1 and Jurkat cells This manuscript GSE276857
H3K27me3 and SUZ12 CUT&RUN in K562 This manuscript GSE276860
cells depleted of CRAMP1 or SUZ12

H3K27me3 and SUZ12 CUT&Tag in K562 This manuscript GSE276861
cells depleted of CRAMP1 or SUZ12

RNA-seq in K562 cells depleted of CRAMP1 or SUZ12 This manuscript GSE276854
RNA-seq in CRAMP1 and SUZ12 knockout KBM-7 cells This manuscript GSE276859
ATAC-seq in K562 cells depleted of CRAMP1 or SUZ12 This manuscript GSE276863
Experimental models: Cell lines

K562 ATCC #CCL-243
hTERT RPE-1 ATCC #CRL-4000
HEK-293T Gift from Prof. Paul Lehner N/A

KBM-7 Gift from Prof. Paul Lehner N/A

Jurkat Gift from Prof. Paul Lehner N/A
HCT116 Gift from Prof. Steve Jackson N/A
Oligonucleotides

See Table S11 This manuscript N/A
Recombinant DNA

pHRSIN-pSFFV-V5-CRAMP1-IRES- This manuscript N/A
mCherry-WPRE-pPGK-Hygromycin®

PHRSIN-pSFFV-V5-CRAMP1dSANT- This manuscript N/A
IRES-mCherry-WPRE-pPGK-Hygromycin®

pHRSIN-pSFFV-V5-CRAMP1dDomll- This manuscript N/A
IRES-mCherry-WPRE-pPGK-Hygromycin®

PHRSIN-pSFFV-V5-CRAMP1dUBL-IRES- This manuscript N/A
mCherry-WPRE-pPGK-Hygromycin®

PHRSIN-pSFFV-FLAG-H1.2-IRES-mCherry- This manuscript N/A
WPRE-pPGK-Hygromycin®

pHRSIN-pSFFV-FLAG-H1.3-IRES-mCherry- This manuscript N/A
WPRE-pPGK-Hygromycin®

pPHRSIN-pSFFV-FLAG-H1.4-IRES-mCherry- This manuscript N/A
WPRE-pPGK-Hygromycin®

PHRSIN-pSFFV-FLAG-H1.5-IRES-mCherry- This manuscript N/A
WPRE-pPGK-Hygromycin®

pHRSIN-pSFFV-H1.1-IRES-mCherry-WPRE- This manuscript N/A
pPGK-Hygromycin®

PHRSIN-pSFFV-H1.2-IRES-mCherry-WPRE- This manuscript N/A
pPGK-Hygromycin®

pHRSIN-pSFFV-H1.3-IRES-mCherry-WPRE- This manuscript N/A
pPGK-Hygromycin®

PHRSIN-pSFFV-H1.4-IRES-mCherry-WPRE- This manuscript N/A
pPGK-Hygromycin®

PHRSIN-pSFFV-H1.5-IRES-mCherry-WPRE- This manuscript N/A
pPGK-Hygromycin®

pHRSIN-pSFFV-H1.0-IRES-mCherry-WPRE- This manuscript N/A

pPGK-Hygromycin®

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

PHRSIN-pSFFV-H1X-IRES-mCherry-WPRE- This manuscript N/A

pPGK-Hygromycin®

pKLV2-pSFFV- SUZ12 -pPGK-Puro- This manuscript N/A

2A-BFP-WPRE

pHRSIN-pSFFV-BFP-IRES-mCherry-WPRE- This manuscript N/A

pPGK-Hygromycin®

pHRSIN-pSFFV-mCherry-IRES-mCherry- This manuscript N/A

WPRE-pPGK-Hygromycin®

pHRSIN-pSFFV-V5-MORC2-IRES- Prof. Paul Lehner; N/A

mCherry-WPRE-pPGK-Hygromycin® Tchasovnikarova et al.®®

pHRSIN-pSFFV-L1-iRFP-WPRE- Prof. Paul Lehner; Seczynska et al.>* N/A

pSV40-Blasticidin®

Software and algorithms

TIDE v3.3.0
Prism v9.5.1
SegMonk v1.48.1

IGV v2.16.1
HOMER v4.11
deepTools v3.5.1
g:Profiler
Bedtools v2.27.1
Bowtie2 v2.3.5.1

DESeq2

ggplot2

FlowJo v10.10.0
AlphaFold3

UCSF ChimeraX v1.6.1

Brinkman and van Steensel”®
GraphPad
Babraham Bioinformatics Group

Robinson et al.”"

Heinz et al.””

Ramirez et al.”® and Kolberg et al.”*
Kolberg et al.”*

Quinlan and Hall”®
Langmead and Salzberg’®

Love etal.””

Hadley Wickham
BD Biosciences
Abramson et al.*®

Pettersen et al.”®

https://tide.nki.nl/
https://www.graphpad.com/

https://www.bioinformatics.
babraham.ac.uk/projects/
segmonk/

https://igv.org/
http://homer.ucsd.edu/homer/motif/
https://deeptools.readthedocs.io/
https://biit.cs.ut.ee/gprofiler/gost
https://bedtools.readthedocs.io/

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

https://ggplot2.tidyverse.org/
https://www.flowjo.com/
https://alphafoldserver.com/
https://www.cgl.ucsf.edu/chimerax/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

K562 cells (#CCL-243) and hTERT RPE-1 (#CRL-4000) were purchased from ATCC. HEK-293T, KBM-7 and Jurkat cells were a gift
from Prof. Paul Lehner (CITIID, University of Cambridge) and HCT116 cells were a gift from Prof. Steve Jackson (Cancer Research UK
Cambridge Institute). KBM-7, K562 and HEK-293T cells were cultured in IMDM (ThermoFisher Scientific, #12440053), Jurkat cells
were cultured in RPMI (Sigma-Aldrich, #R8758), HCT116 cells were cultured in DMEM (ThermoFisher Scientific, #11995065) and
RPE-1 cells were cultured in DMEM F-12 medium (ThermoFisher Scientific, #11330032). All media was supplemented with 10% fetal
bovine serum (ThermoFisher Scientific, #A5256701) and penicillin/streptomycin (100 U/ml) (ThermoFisher Scientific, #15140122).
Cell lines were routinely tested for mycoplasma contamination (EZ PCR Mycoplasma Test Kit, Geneflow).

METHOD DETAILS

Generation of lentiviral expression vectors

The lentiviral transfer plasmids pHRSIN-pSFFV-Cas9-WPRE-pPGK-Blasticidin® and pHRSIN-pSFFV-V5-MORC2-IRES-mCherry-
WPRE-pPGK-Hygromycin® were a kind gift from Prof. Paul Lehner (CITIID, University of Cambridge).®® CRAMP1 was amplified
from K562 cDNA and cloned into pHRSIN-pSFFV-V5-MORC2-IRES-mCherry-WPRE-pPGK-Hygromycin™ in place of MORC2. H1
subtypes and variants were amplified from either K562 cDNA or genomic DNA and cloned into pHRSIN-pSFFV-V5-MORC2-
IRES-mCherry-WPRE-pPGK-Hygromycin® in place of V5-MORC2; an N-terminal FLAG tag was added for CUT&Tag experiments.
SUZ12 was amplified from pCMV-HA-SUZ12 (Addgene #24232, kindly deposited by Kristian Helin”®) and cloned into the pKLV2-
U6sgRNA-PGKpuro2ABFP-WPRE (Addgene #67974, kindly deposited by Kosuke Yusa®’) lentiviral vector downstream of an
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SFFV promoter in place of the U6-sgRNA expression cassette. BFP and mCherry were cloned into pHRSIN-pSFFV-V5-MORC2-
IRES-mCherry-WPRE-pPGK-Hygromycin® in place of V5-MORC2 following amplification from pKLV2-U6sgRNA-PGKpur-
02ABFP-WPRE and pSFFV-V5-MORC2-IRES-mCherry-WPRE-pPGK-Hygromycin®, respectively.

Lentivirus production

HEK-293T cells were transfected with the target lentiviral transfer plasmid plus four packaging plasmids encoding Gag-Pol, Rev, Tat
and VSV-G respectively using PolyJet In Vitro DNA Transfection Reagent (SignaGen Laboratories, #SL100688). Viral supernatant
was harvested at 48 h post-transfection and passed through a 0.45 pm filter. Target cells were transduced by spinoculation at
800 x g for 1 hour. Untransduced KBM-7 cells were eliminated using either 500 pg/ml hygromycin (ThermoFisher Scientific,
#10687010), 6.7 pg/ml blasticidin (Stratech, #B4879) or 0.75 pg/ml puromycin (ThermoFisher Scientific, #A1113803); untransduced
K562 cells were eliminated using either 250 pg/ml hygromycin, 10 pg/ml blasticidin or 1 pg/ml puromycin.

CRISPR/Cas9 screen

PRC2-reporter KBM-7 cells®* expressing Cas9 were mutagenized using the Sabatini/Lander Human CRISPR Pooled Library (Addg-
ene #1000000100, kindly deposited by David Sabatini and Eric Lander®') at a multiplicity of infection of ~0.3. Untransduced cells
were removed using puromycin commencing 48 h post-transduction. At 7 days post-transduction, GFP®"9" cells were enriched
by FACS using a FACSAria Il (BD) cell sorter; a second sort to further enrich the GFP®"9" population was carried out a further
10 days later. Genomic DNA was extracted using the Puregene Kit (Qiagen, #158043) from both the sorted cells and the unsorted
library which had been grown in parallel. The sgRNA variable region was amplified by PCR (Q5 High-Fidelity Polymerase, NEB
#MO0493) using a pool of forward primers which bound the U6 promoter region and a reverse primer which bound the constant region
of the sgRNA. The reaction products were pooled, purified using Agencourt AMPure XP beads (Beckman Coulter, #A63880), and
200 ng was used as a template for the second round of PCR, which consisted of 7 cycles using lllumina P5- and P7-adapted primers.
After AMPure XP bead purification, PCR products were quantified using a Nanodrop spectrophotometer (ThermoFisher Scientific),
pooled and sequenced on an lllumina NovaSeq 6000 instrument using 100 bp single-end reads.

Flow cytometry
Cells were analyzed using a CytoFLEX S flow cytometer (Beckman Coulter) and the resulting data was processed in FlowJo (BD).

Immunoblotting

Cells were washed with PBS and lysed in 1% SDS plus 1:200 Benzonase (Merck, #E1014) at room temperature for 20 minutes.
Following the addition of Laemmli buffer supplemented with f-mercaptoethanol, the lysates were heated at 70°C for 10 minutes
and separated by SDS-PAGE. Proteins were transferred onto PVDF membranes (Merck, #IPFL00010) using the Trans-Blot SD
Semi-Dry Transfer Cell (Bio-Rad). The membranes were blocked with 5% milk in PBS-T (PBS plus 0.2% Tween-20) and incubated
overnight at 4°C with primary antibody in 5% milk. After three washes in PBS-T, membranes were incubated with HRP-conjugated
secondary antibodies in 5% milk for 40 minutes at room temperature. Finally, after three additional washes with PBS-T, reactive
bands were detected using either Pierce ECL Plus Western Blotting Substrate (ThermoFisher Scientific, #32132X3), SuperSignal
West Pico Plus (ThermoFisher Scientific, #34580) or SuperSignal West Dura (ThermoFisher Scientific, #34076) chemiluminescent
substrates.

Co-immunoprecipitation

Cells were washed once in PBS and lysed in cell lysis buffer (0.1% IGEPAL, 10 mM HEPES, 1.5 mM MgCI2, 10 mM KCl plus an EDTA-
free protease inhibitor cocktail tablet (Roche)) for 10 min on ice. Nuclear pellets were isolated by centrifugation at 800 x g for 5 minute-
sat 4°C and resuspended in nuclear lysis buffer (1% IGEPAL plus 1:200 Benzonase in TBS). Following removal of insoluble nuclear
material by centrifugation (10,000 x g for 10 minutes at 4°C), nuclear lysates were pre-cleared with protein A or protein G magnetic
beads (ThermoFisher Scientific, #88846) for 30 minutes at 4°C on a rotating wheel. Immunoprecipitation was performed by incu-
bating the pre-cleared nuclear lysates with 1 pg of antibody per 107 cells and protein A (for rabbit antibodies) or protein G (for mouse
antibodies) magnetic beads for a minimum of 2 h at 4°C on a rotating wheel. The beads were washed five times in lysis buffer and
bound proteins eluted by heating at 70°C for 10 min in Laemmli buffer (Bio-Rad, #1610747).

Mass spectrometry analysis

V5-CRAMP1 co-immunoprecipitations were performed as described above, using ~5x10% K562 cells expressing V5-tagged
CRAMP1. A V5 pull-down in wild-type cells served as a negative control. Samples were reduced, alkylated and digested using
the S-Trap protocol (Protifi, Fairport, NY) with proteins digested overnight using trypsin in 50 mM HEPES pH8. Digested peptides
were eluted with sequential washes with 50 mM HEPES and 0.2% formic acid/acetonitrile and pooled in 0.5 ml tubes (Protein LoBind,
Eppendorf). Tryptic peptides were dried almost to completion and re-suspended in 20 pl MS solvent (3% MeCN, 0.1% TFA) and 6 pl
analysed by LC-MSMS using a Q Exactive Plus coupled to an Ultimate RSLC3000nano UPLC (Thermo Scientific). Peptides were
resolved using a 50 cm C18 PepMap EASYspray column with a gradient rising from 97% solvent A (0.1% formic acid), 10% solvent
B (80% acetonitrile, 0.1% formic acid) to 40% solvent B over 45 min. Data were acquired in a data-dependent acquisition fashion with
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MS spectra acquired between m/z 400 and 1,500 at 70,000 fwhm. Fragmentation was performed in the top 10 fashion with peptides
selected for HCD fragmentation excluded from further fragmentation for 30 s. Raw files were processed in Maxquant 2.2.0.0 with
carbamidomethylation (C) as a fixed modification and oxidation (M) and acetylation (protein N-terminus) as variable modifications.
Data was searched against a Uniprot Homo sapiens database (downloaded 23/09/20) with LFQ and iBAQ enabled.

Subcellular fractionation

K562 cells were washed with PBS and then in Buffer A (10 mM HEPES (pH 7.9), 1.5 mM MgCI2, 10 mM KCI, 0.5 mM DTT and an
EDTA-free protease inhibitor tablet (Merck, #11873580001)). The cells were then lysed in Buffer A plus 0.1% (v/v) IGEPAL on ice
for 10 minutes, and the nuclei were pelleted by centrifugation (1400 x g for 4 min at 4°C). The supernatant was collected as the cyto-
plasmic fraction. Nuclei were lysed in Buffer B (20 mM HEPES (pH 7.9), 1.5 mM MgClI2, 300 mM NaCl, 0.5 mM DTT, 25% (v/v) glyc-
erol, 0.25% Triton X-100, 0.2 mM EDTA and an EDTA-free protease inhibitor tablet (Merck, #11873580001)) on ice for 10 minutes. The
insoluble nuclear material (containing chromatin) was pelleted by centrifugation (1700 x g for 4 min at 4°C), and the supernatant, con-
taining the nucleoplasmic fraction, was collected. The chromatin fraction was solubilized in Laemmli buffer plus p-mercaptoethanol
and 1:100 Benzonase (Merck, #E1014).

CRISPR/Cas9-mediated gene disruption

Single guide RNA (sgRNA) sequences were selected from the Sabatini/Lander Human CRISPR Pooled Library (Addgene
#1000000100, kindly deposited by David Sabatini and Eric Lander®') or the Brunello Human CRISPR Knockout Pooled Library (Addg-
ene #73178, kindly deposited by David Root and John Doench®?). Oligonucleotides corresponding to top and bottom strands of the
sgRNAs (Merck) were phosphorylated with T4 PNK (NEB, #M0201), denatured by heating to 95°C, annealed by cooling to 4°C at a
rate of 0.1°C/s and then cloned into the lentiviral sgRNA expression vector pKLV2-U6gRNA(Bbsl)-PGKpuro2ABFP-WPRE (Addgene
#67974, kindly deposited by Kosuke Yusa®). To generate CRAMP1 and SUZ12 knockout clones, cells were first transduced with
pHRSIN-pSFFV-Cas9-pPGK-Blasticidin®, selected with blasticidin and then transduced with the lentiviral sgRNA expression vectors
(see Table S11) and selected with puromycin. The resulting populations were single cell cloned using a FACSAria Il (BD) cell sorter.
Successful gene disruption in the resulting clones was confirmed by immunoblot.

shRNA-mediated knockdown

Short hairpin RNA (shRNA) sequences (see Table S11) were designed using the Broad Institute’s Genetic Perturbation Platform
(https://portals.broadinstitute.org/gpp/public/seq/search). Oligonucleotides corresponding to top and bottom strands (Merck)
were phosphorylated with T4 PNK (NEB, #M0201), denatured by heating to 95°C, annealed by cooling to 4°C at a rate of 0.1°C/s
and then cloned into the lentiviral sShRNA expression vector pHR-SIREN (a kind gift from Prof. Paul Lehner®). Cells were transduced
with the target lentiviral shRNA expression vectors and selected with puromycin. Successful shRNA-mediated depletion was
confirmed by immunoblot seven days post-transduction.

RT-qPCR

Total RNA was isolated using the RNeasy kit (Qiagen, #74106). Genomic DNA was eliminated by on-column DNase | digestion (Qia-
gen, #79256). RNA was converted into cDNA using LunaScript RT SuperMix (NEB, #M3010) according to the manufacturer’s pro-
tocol. Quantification by gPCR was conducted on a StepOne Real-Time PCR System (ThermoFisher Scientific) using Luna Universal
gPCR Master Mix (NEB, #M3003) as per the manufacturer’s protocol. Primer sequences are detailed in Table S11.

RNA-seq

Total RNA was isolated using the RNeasy kit (Qiagen, #74106). Genomic DNA was eliminated by on-column DNase | digestion (Qia-
gen, #79256). Ribosomal RNA was depleted with the NEBNext rRNA Depletion Kit v2 (NEB, #E7405). The NEBNext Ultra Il Directional
RNA Library Prep Kit for lllumina (NEB, #E7760) was used to prepare multiplexed sequencing libraries, which were sequenced on an
lllumina NovaSeq 6000 instrument (122 bp single-end reads).

CUT&RUN

CUT&RUN was performed using 5x10° K562 cells with the CUTANA CUT&RUN kit (EpiCypher, #14-1048) following the manufac-
turer’s instructions. Targets were enriched using 0.05 pg primary antibody, with the exception of SUZ12 where 0.5 pg antibody
was used. The NEBNext Ultra Il DNA Library Prep Kit for lllumina (NEB, #E7645) was used to generate multiplexed sequencing li-
braries, which were sequenced on an lllumina NovaSeq 6000 instrument (122 bp single-end reads).

CUT&Tag

CUT&Tag was performed using 1x10° cells with the CUTANA CUT&Tag kit (EpiCypher, #14-1102) following the manufacturer’s in-
structions. Target binding sites were enriched using 0.5 pg primary antibody, with the exception of knockdown and knockout exper-
iments where 0.05 ng antibody was used. Multiplexed sequencing libraries were sequenced on an lllumina NovaSeq 6000 instrument
(61 bp paired-end reads, with the exception of knockdown experiments where 122 bp single-end reads were used).
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ChiP-seq

Wild-type N2 C. elegans were grown at 20°C in liquid culture using standard S-basal medium and HB101 E. coli.®* To isolate em-
bryos, worms were bleached and the eggs hatched for 20-22 h at 25°C in M9 buffer. Starved L3 larvae were grown at 20°C for
30 h, floated on sucrose and flash frozen in liquid nitrogen. ChIP-seq was performed as described in ref McMurchy et al.®® Briefly,
frozen L3 worms were ground to a powder and fixed with 1.5 mM ethylene glycol bis(succinimidyl succinate) (EGS) (ThermoFisher,
#21565) in PBS for 8 minutes, followed by an additional formaldehyde fixation (1% for a further 8 minutes). The reaction was
quenched by adding glycine to a final concentration of 0.125 M for 5 min. The fixed tissue was washed twice in PBS containing a
protease inhibitor cocktail tablet (Roche, #05056489001) and once in FA buffer (50 mM HEPES pH7.5, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 150 mM NaCl and protease inhibitors). Following resuspension in FA buffer (1 ml buffer per
1 ml of ground worm powder), the extract was sonicated to an average size of ~250 bp using a Bioruptor Pico (Diagenode). ChIP
was performed in duplicate using 20 pg of DNA and 2 pg of HIS-24 antibody. ChiP-seq libraries were prepared according to ref Janes
etal.’’.

ATAC-seq
ATAC-seq was performed using 50,000 K562 cells with the Diagenode ATAC-seq kit (#C01080001) according to the manufacturer’s
protocol. Multiplexed sequencing libraries were sequenced on an lllumina NovaSeq 6000 instrument (61 bp paired-end reads).

AlphaFold 3 structural prediction

The AlphaFold 3*® server was used to predict interactions between the CRAMP1 (residues E164-D230), FLASH (G1923-R1982) or
GON4L (T2149-E2209) SANT domains and the NPAT C-terminus (L1406-E1427), as well as interactions between the
CRAMP1 UBL domain (K313-V757) and the GON4L PAH domains (P1621- A1780). Models were visualized in UCSF ChimeraX.”®

QUANTIFICATION AND STATISTICAL ANALYSIS

CRISPR/Cas9 genetic screen

Raw sequence reads trimmed of sgRNA constant regions using Cutadapt and aligned to a library index using Bowtie 2.”° Reads that
aligned uniquely to each sgRNA were enumerated and then MAGeCK®’ was used to identify genes targeted by sgRNAs that were
significantly enriched in the selected cells compared to the unselected library. For the scatterplot shown in Figure 1C, all targeted
genes were arranged alphabetically on the x-axis, and “Significance” on the y-axis represents the -log4q of the MAGeCK “pos|score”
metric.

RNA-seq

lllumina adaptor sequences were removed using Cutadapt,®® and the trimmed reads were then mapped to the human genome
(GRCh38) using Bowtie 2.”° Uniquely mapped reads with a MAPQ score greater than 20 were imported into SeqMonk (Babraham
Bioinformatics Group), where they were analyzed using the RNA-seq quantitation pipeline and DESeq2.”” Gene ontology term
enrichment analyses were conducted using g:Profiler.”*

To determine the chromatin landscape across upregulated genes (Figure 6F), the number of histone modification peaks overlap-
ping (+/- 5 kb) genes significantly upregulated upon CRAMP1 or SUZ12 knockdown was quantified with BEDTools’® using K562
ChlP-seq data from ENCODE (see CUT&Tag below). Following normalization to account for gene length, fold enrichment was calcu-
lated by comparing the mean number of peaks per gene in genes upregulated with shCRAMP1 and shSUZ12 (n=636) versus genes
whose expression remained unchanged (n=34,824).

To determine the relative levels of repressive histone modifications found across upregulated genes (Figure 6G), H3K27me3
(ENCFF915XIL) and H3K9me3 (ENCFF559DHZ) levels were quantified across genes significantly derepressed upon CRAMP1 or
SUZ12 knockdown using BEDTools’® multicov. Read counts were normalized to account for gene length.

CUT&RUN

Reads were aligned to the human genome (GRCh38) using Bowtie 27° (local, very-sensitive, no-unal, no-mixed, no-discordant,
phred33, | 10, X 700). V5-CRAMP1 peak calling was performed using the MACS2%° callpeak function relative to V5 control
(P < 1x107'°) and assigned to the nearest TSS using HOMER.”? RPKM-normalized bigwig files were created with deepTools’® bam-
Coverage; heatmaps were generated using computeMatrix, plotHeatmap and plotProfile. Data was visualized in IGV.”" Peak calling
for SUZ12 was performed relative to IgG using the implementation of the MACS peak caller in SeqgMonk (window size = 800 bp and
P<1x109).

CUT&Tag

Reads were aligned to the human genome (GRCh38) using Bowtie 27° (local, very-sensitive, no-unal, no-mixed, no-discordant,
phred33, 1 10, X 700). Peak calling was performed using the implementation of the MACS peak caller in SegMonk with the following
parameters: H3K27me3 relative to IgG (window size = 800 bp and P < 1 x 10%), and H1 relative to the respective H1 KO clone (window
size =800 bpand P<1x 107, except for H1.2 where P < 1 x 10 was used). H1 peaks (Figure 4) were derived by combining individual
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H1 peak lists and intersecting overlapping peaks using BEDTools’> merge. RPKM-normalized bigwig files were created with deep-
Tools”® bamCoverage and visualized in IGV.”" Heatmaps and profile plots were generated using deepTools’® computeMatrix, plo-
tHeatmap and plotProfile.

Correlations between endogenous and FLAG-tagged H1 subtypes (Figure S4B) were performed using deepTools”® muiltiBam-
Summary (binSize = 5,000) and plotCorrelation (Spearman). Pairwise correlations between individual endogenous and FLAG-tagged
H1 subtypes (Figure S4E) were conducted using deepTools’® multiBamSumamary (binSize = 5,000, outRawCounts option). To plot
the pairwise correlations, raw counts were log-transformed after adding 1 to all to avoid zero values, and a linear regression was fitted
to calculate the R? values.

To calculate the enrichment of H1 CUT&Tag signal over genomic regions marked by particular histone modifications in various
human cell lines (Figures 4B and S5B), BEDTools’® muiticov was used to count the number of H1 reads over each histone modifi-
cation peak. Read counts were then normalized to the total read count, divided by the respective IgG or FLAG control, and log-trans-
formed to calculate the final enrichment. For K562 cells, the following ChlP-seq datasets were downloaded from ENCODE®®:
H3K4me1 (ENCFF839DZV), H3K4me2 (ENCFF446FUS), H3K4me3 (ENCFF633WWH), H3K9ac (ENCFF149MXA), H3K9me3
(ENCFF744MLH, ENCFF928ZQM), H3K27ac (ENCFF232RQF), H3K27me3 (ENCFF915XIL, ENCFF330YFF), H3K36me3 (ENCF
F925FDY), H3K79me2 (ENCFF711PLM) and inputs (ENCFF355SGP was used to call H3K27me3 peaks and ENCFF893MMO was
used to call all other peaks). All bam files downloaded from ENCODE were pre-processed using standard ENCODE pipelines and
were visually assessed using IGV”" to ensure data quality. Peak calling was performed using the implementation of the MACS
peak caller in SeqMonk (window size = 300 bp and P < 1 x 10, except for H3K4me3 where P < 1 x 108 was used). For HCT116
cells, the following ChIP-seq datasets were downloaded from ENCODE®®: H3K4mel (ENCFF485QHQ), H3K4me2 (ENCF
F205HPZ), H3K4me3 (ENCFF178EXO), H3K9ac (ENCFF676ASZ), H3K9me3 (ENCFF568HSD), H3K27ac (ENCFFO87TXL),
H3K27me3 (ENCFF271HVJ), H3K36me3 (ENCFF4120NB), H3K79me2 (ENCFF949CYK), H4K20me1 (ENCFF085FNO) and input
(ENCFF3730ZW). Peak calling was performed using the implementation of the MACS peak caller in SeqMonk (window size =
300 bp and P < 1 x 107, except for H3K9me3, H3K27me3 and H4K20me1 where window size = 600 bp and P < 1 x 10, and
H3K27ac where window size = 300 bp and P < 1 x 10°). For RPE-1 cells, the following histone modification peaks were used:
H3K4me3 (GEO, GSM4194686), H3K9me3 (ChIP Atlas, DRX002909) and H3K27ac (GEO, GSM4194692). H3K27me3 peaks were
called from CUT&Tag data with MACS2%® (broad mode, broad-cutoff = 1). For Jurkat cells, ChlP-seq peaks were obtained from
ENCODE (H3K4me3, ENCFF305J0T) or GEO (H3K9me3, GSE162605 and H3K27ac, GSE115438). H3K27me3 peaks were called
from CUT&Tag data with MACS2% (broad mode, broad-cutoff = 0.1). H1 and H3K27me3 CUT&Tag data from murine CD8*
T cells generated by the Skoultchi laboratory (Figure S5D) was downloaded from GEO (GSE153543)>* and converted to bigwig files
using UCSCtools®” bedGraphToBigWig. Data was visualized using IGV.""

ChIP-seq

The following ChlP-seq datasets were downloaded from GEO: H3K27me3 (GSM3141784, GSM3141785), H3K4me3 (GSM3141748),
H3K36me3 (GSM3141772) and input (GSM2333112 and GSM2333111). Reads were aligned to the C. elegans genome (ce11) using
Bowtie 2 (local, very-sensitive, no-unal, no-mixed, no-discordant, phred33). RPKM-normalized bigwig files were created with deep-
Tools”® bamCoverage (extending reads by 200 bp) and visualized in IGV.”" H3K27me3 peaks were called using MACS2°® (broad
mode, broad-cutoff = 0.05) and profile plots were created using deepTools’® computeMatrix and plotProfile. Datasets were corre-
lated using deepTools’® multiBamSummary (binSize = 1,000 bp) and plotCorrelation (Spearman). The additional H1 ChlP-seq data-
sets used in this study were mouse H1.4 (GEO, GSM5770168),"® mouse H1.0 (GEO, GSE215266)'® and human H1.2 and H1.5 (GEO,
GSE136264)."” Reads were mapped to the mouse (mm10) or human (GRCh38) genomes, respectively, using Bowtie 27° (very-sen-
sitive, local, no-mixed, no-discordant, dovetail, phred33, | 10, X 700). RPKM-normalized bigwig files were created with deepTools”®
bamCoverage and visualized using IGV.”"

ATAC-seq

Raw fastq files were processed using the nf-core atacseq v2.1.2 pipeline executed using nextflow v24.01.0. Low-confidence peaks
were filtered out (fold-change < 3.5 in both replicates), and the change in accessibility across the remaining high-confidence peaks
was assessed using DESeq2.”” RPKM-normalized bigwig files were generated by the nf-core atacseq pipeline and accessibility
changes were visualized using IGV"" and deepTools’® computeMatrix, plotHeatmap and plotProfile. Peaks displaying differential
accessibility were assigned to promoters using HOMER'? and to enhancers with BEDTools”® intersect (using annotated enhancers
in K562 cells (ENCFF815ILK)>*%%). Enrichment analysis of GO terms was conducted using g:Profiler.”

To quantify the changes in accessibility across genomic regions marked by particular histone modifications (Figure 7D), normalized
ATAC-seq read counts were quantified across histone modification peaks in K562 cells (see CUT&Tag above) using BEDTools’> mul-
ticov. Low-confidence regions (total read count across all conditions < 150) were removed, and the remaining read counts were used
to calculate the fold-change in accessibility across each peak relative to the shControl sample. The median values for each histone
modification were plotted.
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